ABSTRACT ' The interference of microtubular disruptors with the-uptake of amino acids and other low molecular weight substrates has been studied in Morris hepatomas, host liver, and regenerating liver. Colchicine inhibits amino acid transport (ct-aminoisobutyric acid, L-methionine, and L-leucine) in hepatomas by 59-98% whereas transport in host and regenerating liver is not impeded but increased. In hepatomas, treatment with colchicine also reduces the uptake of L-fcose, cytidine, urea, and carbonate. Vinblastine, but not lumicolchicine or cytochalasin B, is an effective inhibitor. The inhibition of uptake is not linked to a decrease of cellular ATP and UTP. The data suggest that the transport of low molecular weight substrates in hepatomas is related to microtubules or other colchicine-binding structures, e.g., of the plasma membrane. This colchicine-sensitive uptake system in hepatomas may be due to the malignant transformation of hepatocytes.
ABSTRACT ' The interference of microtubular disruptors with the-uptake of amino acids and other low molecular weight substrates has been studied in Morris hepatomas, host liver, and regenerating liver. Colchicine inhibits amino acid transport (ct-aminoisobutyric acid, L-methionine, and L-leucine) in hepatomas by 59-98% whereas transport in host and regenerating liver is not impeded but increased. In hepatomas, treatment with colchicine also reduces the uptake of L-fcose, cytidine, urea, and carbonate. Vinblastine, but not lumicolchicine or cytochalasin B, is an effective inhibitor. The inhibition of uptake is not linked to a decrease of cellular ATP and UTP. The data suggest that the transport of low molecular weight substrates in hepatomas is related to microtubules or other colchicine-binding structures, e.g., of the plasma membrane. This colchicine-sensitive uptake system in hepatomas may be due to the malignant transformation of hepatocytes. A variety of cellular functions primarly related to intracellular translocation of macromolecules or to cell membrane dynamics and architecture depend on an intact microtubular system. Evidence is largely based on the interference of colchicine and vinblastine with the assembly of microtubules (1, 2) . Microtubular disruption inhibits secretion of salivary gland mucin (3), of hepatic very low density lipoproteins (4, 5) , and of albumin and other plasm proteins (6) . Microtubule-associated functions may also regulate lysosomal degranulation during phagocytosis (7, 8) and influence the conversion of prohormones into their active forms (9) . The colchicine-induced inhibition of the mobility of membrane components (10) and changes in plasma membrane microviscosity associated with phagocytosis (11) may reflect the close relationship between the microtubular system and the cell membrane.
Little is known, however, about the role of microtubules in transmembrane transport. Colchicine has been found to prevent the increased capacity for amino acid transport of concanavalin A-activated lymphocytes during the prereplicative phase (12) and of proliferating hepatocytes after partial hepatectomy without affecting the basic uptake of amino acids (13) . This report describes the influence of microtubule disruptors on the uptake of various low molecular weight substances by Morris hepatomas compared to normal liver and regenerating liver. Our results suggest a colchicine-sensitive uptake system as a characteristic feature of hepatocellular Morris carcinomas.
MATERIALS AND METHODS
Female Buffalo and ACI rats (150-180 g) were bred in our laboratories and fed a commercial diet (Altromin R; Altromin GmbH, Lage-Lippe, West Germany; containing 18-20% protein) and water ad libitum. The animals.were kept in windowless rooms at 24°C with constant humidity and with light from 7:30 a.m. to 7:30 p.m.
Morris hepatomas (originally obtained from H. P. Morris, Howard University, Washington, DC) were inoculated into both hind legs of ACI rats (9121) and Buffalo rats (7777).
Partial hepatectomy was performed between 8:00 and 9:00 a.m. (14) ; two-thirds of the liver was removed under slight ether anesthesia. Drugs (Sigma) were administered intraperitoneally between 8:00 and 9:00 a.m. at various time intervals prior to injection of the labeled substrates. Radioactively labeled compounds (Radiochemical Centre, Amersham, England) were injected into the tail vein. Tissue samples were obtained by freeze-clamping in situ under slight pentobarbital anesthesia and kept in liquid nitrogen. The frozen tissue was transferred to 10 vol of chilled 50 mM Tris-HCI, pH 7.5/25 mM KCI/5 mM MgCl2 and was immediately homogenized. An acid-soluble fraction was obtained by precipitation of samples of the homogenate by addition of 3 vol of 10% (wt/vol) trichloroacetic acid. The precipitate was removed by centrifugation, and aliquots of the supernatant were assayed for radioactivity in a toluene/Triton X-100 scintillation fluid. Acid-insoluble radioactivity was determined as described (15) . For quantitative analysis of intracellular amino acid concentrations, tissue samples were homogenized in 10 vol of 0.9 M HC104. After centrifugation, the supernatant was neutralized with KHCO3. The acidified samples were subjected to automatic amino acid analysis. Nucleoside phosphate pools were measured enzymatically (16, 17) . Protein content was measured by the biuret method (18) . Lumicolchicine, prepared according to Wilson and Friedkin (19) Table  1) . The same inhibitory effect of colchicine on methionine uptake was found in Morris hepatoma 9121 .
In host liver, however, amino acid uptake and incorporation were not inhibited, but colchicine increased L-[35S]methionine Abbreviation: AIB, a-aminoisobutyric acid. 5282
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. radioactivity-e.g., 3-fold in the acid-soluble fraction and less so into liver proteins (Table 1) . Regenerating liver 24 and 48 hr after partial hepatectomy behaved like host liver (Table 2) . To distinguish between effects on transport and metabolism of amino acids, we determined the influence of colchicine on the uptake of the nonmetabolizable amino acid a-aminoisobutyric acid (AIB). In hepatoma 7777, the drug decreased the uptake of AIB by 95%; transport of AIB into host liver was not impaired, but increased by 76%. The initial rates of uptake immediately after the injection of the labeled amino acids were decreased by colchicine, indicating that the inhibitory effect in hepatomas is related to transport processes (Fig. 1) .
The inhibition of uptake by colchicine in hepatoma tissue was not restricted to amino acids, but also involved the uptake of other small molecules such as L-fucose, cytidine, urea, and carbonate, as shown in Morris hepatoma 7777 (Table 1) . In host liver, uptake and incorporation of these substrates (except for carbonate) were not changed by colchicine. The increase of acid-soluble and acid-insoluble radioactivity found in host liver after injection of [14C]carbonate is possibly a result of its conversion to arginine.
Control hepatomas (7777 and 9121) had moderately less uptake and incorporation of substrates than did the control host livers (Table 1) , confirming comparative studies on the uptake of AIB (20) and nucleic acid precursors (21) in Morris hepatomas 9618A, 7777, and 5123C. The diverse effects of colchicine upon the uptake of amino acids into hepatoma and host liver were dose dependent, as shown for L-leucine (Fig. 2) . In Morris hepatoma 7777, colchicine inhibited the uptake of L-leucine into both the acid-soluble and acid-insoluble fractions at doses as low as 0.75 mg/kg body weight with a maximal effect at doses of 1.5-2.5 mg/kg body weight. In host liver, colchicine conversely increased the uptake of L-leucine into the acid-soluble material in a dose-dependent manner; after an initial decline, it moderately increased the uptake into the acid-insoluble material.
Specificity of Inhibitory Effect of Microtubular Disruptors. Vinblastine sulfate, which binds to tubulin and interferes with microtubule assembly, is also an effective inhibitor in Morris hepatomas, whereas lumicolchicine, a structural isomer of colchicine which does not interact with microtubule protein (22) , was not effective (Table 3) . Pretreatment with an equi- Organ samples were obtained at various times after injection of the label and radioactivity was determined. Each point represents the mean 4 SEM for three tissues from control ---) and colchicinetreated (-) rats. 0 Influence of Colchicine on Nucleoside Phosphate Levels and Amino Acid Pools. The effect of colchicine on nucleoside phosphate levels was investigated to exclude the possibility that drug action is due to interference with cellular energetics. There was no significant decrease in the concentration of adenine and uridine nucleotides, whereas the uptake of L-[3H]fucose was significantly impeded (Table 4) . In order to examine whether the effect of colchicine on amino acid uptake is related to changes in amino acid pool size, we determined intracellular amino acid concentrations in the acid-soluble fraction by quantitative analysis. In both host liver and hepatoma, the concentrations of free threonine, valine, isoleucine, leucine, tyrosine, and phenylalanine increased identically 2-to 3-fold by colchicine compared to untreated controls. The levels of other amino acids, including methionine, were not significantly changed in both tissues. 6 .01 (24) . The inhibition of uptake in hepatomas described here differs from the specific inhibition of nucleoside transport by colchicine and lumicolchicine in several cell lines (25) . The blockage of uptake in Morris hepatomas is a general one, involving a variety of low molecular weight substrates and, unlike the study described in ref. 25 , is restricted to drugs with a binding affinity for tubulin. Whereas vinblastine is also an effective inhibitor, neither lumicolchicine nor cytochalasin B interferes with amino acid uptake in hepatomas. Because the inhibition of uptake does not depend on a lack of cellular ATP, the effect of microtubule disruptors is not mediated by energy depletion. A preferential uptake of colchicine into hepatomas could be excluded. Furthermore, the opposite effects of colchicine on amino acid uptake in liver and hepatoma cannot be explained by changes in amino acid pool size; the increase by colchicine in the intracellular level of some amino acids, including L-leucine but not methionine, in host liver (26, 27) also occurs in hepatomas. The increased amino acid concentrations (e.g., of leucine) in colchicine-treated hepatomas despite the blockage of uptake indicate that the size of a given amino acid pool is presumably ruled not only by the rate of transport of the amino acid but also by its metabolism to other products and the overall rates of protein synthesis and degradation. Moreover, a concomitant inhibition of protein synthesis by colchicine must be considered in both tissues because, in drug-treated hepatomas, inhibition of uptake of naturally occurring amino acids into the acid-soluble material is less than into protein and is less marked than inhibition of AIB uptake. By contrast, the increase of acid-soluble radioactivity in host liver is followed by a smaller increase of protein-bound isotope.
Several molecular mechanisms could be invoked for the effect of colchicine and vinblastine on transport in hepatomas. One is direct interaction of both drugs with plasma membrane components. Tubulin or similar colchicine-binding proteins were detected in the plasma membrane of rat liver (28, 29) . These colchicine-sensitive membrane components may be essential for the coordinated control of basic nutrient uptake. Such regulatory sites might be altered in transformed cells in view of changes in uptake in malignant cells (30, 31) . Moreover, our observations might reflect a proximity among uptake systems newly appearing during malignant transformation of hepatocytes. During dedifferentiation and loss of specific cell functions such as protein secretion (32) , the elaborate transport systems may also dedifferentiate, and uptake of nutrients would possibly be achieved by simple processes such as micropinocytosis, for example. These new uptake mechanisms could depend on variables such as plasma membrane microviscosity or the lateral mobility of membrane components, both of which are affected by colchicine (10, 11) . The effect of colchicine and vinblastine could be due to changes in composition (33) and turnover (15, 34) of membrane proteins and glycoproteins in hepatomas. Finally, colchicine and vinblastine disaggregate the microtubular cytoskeleton in hepatomas. This system is involved in the flow of secretory vesicles from the endoplasmic reticulum to the cell surface (35) . Conversely, the microtubular system may be essential for the formation and detachment of endocytotic vesicles from the plasma membrane or the movement of carrier proteins within the plasma membrane.
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